We study models of spontaneous N = 2 → N = 1 supergravity breaking in three space-time dimensions and discuss the topological Higgs-and super-Higgs mechanism which generates the masses for the spin-3/2 gravitino multiplet. The resulting N = 1 spectrum and its effective action is analysed.
Introduction
Partial supersymmetry breaking is of interest in its own right but also within string theory. The early no-go theorems stated that partial supersymmetry breaking is impossible and either all supercharges are preserved or all supercharges are broken [1] . These theorems were later on modified in global supersymmetry [2, 3] , supergravity [4] and in string theory [5, 6, 7, 8, 9] . However, a satisfactory and conceptual understanding of partial supersymmetry breaking is still lacking.
In supergravity the main focus so far was on spontaneous N = 2 → N = 1 in four space-time dimensions (D = 4) [4, 10, 11, 12] . In this paper we concentrate on the somewhat simpler situation of N = 2 → N = 1 breaking in D = 3. These N = 2, D = 3 theories are closely related to dimensionally reduced N = 1 theories in D = 4 as they also feature four supercharges. Partial breaking to N = 1 (in D = 3) breaks two of the four supercharges leaving an N = 1 in D = 3 intact. In the context of global supersymmetry this breaking has also been discussed in [13] .
The reason to concentrate on D = 3 vacua is on the one hand their simplicity. On the other hand they also arise in the context of string theory by compactifying M-theory on Calabi-Yau fourfolds with non-trivial background fluxes [14, 15, 16, 17, 18, 19, 20] . The background fluxes appear in the low energy effective action as gauge or mass parameters and generically turn an ordinary supergravity into a gauged or massive supergravity. The fluxes induce a potential for the scalar fields which only under certain conditions preserves some of the supercharges. A class of models where Peccei-Quinn isometries are gauged and N = 2 → N = 1 breaking occurs was recently found in ref. [20] and in our analysis we closely follow this work.
The purpose of this paper is to further analyse the mechanism of N = 2 → N = 1 breaking in D = 3. In particular we study the details of the Higgs and super-Higgs effect which gives masses to the gauge bosons and the gravitino. We find that contrary to D = 4 a topological Higgs mechanism is at work in D = 3 where no Goldstone boson is eaten [21, 22] . The presence of a Chern-Simons term in addition to the standard YangMills terms renders a gauge field massive without adding any physical degree of freedom to the gauge field. Alternatively in a 'dual' version of this mechanism the gauge theory has no standard Yang-Mills term but instead a Chern-Simons term and a conventional mass term [23, 24] or in other words a Chern-Simons term and a coupling of the gauge field to a Goldstone boson [25] .
More specifically the paper is organized as follows. In section 2 we recall the necessary facts about gauged N = 2 supergravity in D = 3 following refs. [26, 27, 28] with particular emphasis on gauged Peccei-Quinn isometries [20] . In section 3 we review the class of models considered in [20] where spontaneous N = 2 → N = 1 supergravity breaking occurs. The super-Higgs mechanism and the reorganization in N = 1 supermultiplets are discussed in section 4. Section 5 contains our conclusions and our spinor conventions are given in appendix A. In appendix B we review the construction of the massive supermultiplets for arbitrary N in D = 3 which are necessary for the analysis of the possible multiplets resulting from partial supergravity breaking.
2 Gauged N = 2 Supergravity in D = 3
Generalities
Let us start by first recalling a few facts about N = 2 supergravity in D = 3 [26, 27] . This theory is closely related to a dimensionally reduced N = 1 supergravity in D = 4 and as a consequences similar multiplets and geometrical structures appear.
The gravity multiplet (g µν , ψ I µ ), µ, ν = 0, 1, 2, I = 1, 2, contains besides the spacetime metric g µν two Majorana gravitini ψ I µ . (See appendix A for our spinor conventions and appendix B for a summary of the supermultiplets.) In contrast to higher-dimensional theories these fields carry no propagating degrees of freedom. In order to get dynamically non-trivial theories one can add d N = 2 scalar multiplets (φ i , χ 
where g ij is a metric on a Kähler manifold which can be expressed in terms of a Kähler potential as g ij = ∂ i ∂jK. V is determined in terms of a holomorphic superpotential W (φ) and its Kähler covariant derivative
It is possible to couple gauge fields to this theory by gauging isometries of the metric g ij . Such isometries are generated by n holomorphic Killing vector fields X i A satisfying
These Killing equations determine Xj A in terms of Killing prepotentials (or momentum maps)
Under the isometries the scalar fields transform according to
where α A are the (local) gauge parameters for the n linearly independent isometries. Gauge invariance is ensured by introducing n vector fields A µA and promoting the ordinary derivative ∂ µ φ to covariant derivatives 6) where g is the gauge coupling and Θ AB an arbitrary constant symmetric matrix.
Introducing the covariant derivative alone is not sufficient but in addition the supersymmetry transformation laws have to be modified which in turn requires adding 1 Following [27] we have included a factor g 2 in the potential for later convenience. In a more standard notation it would be reabsorbed in the definition of W .
Yukawa-type couplings for the fermionic fields and a scalar potential. Furthermore, a "kinetic" term for the vector fields has to be supplied.
The usual procedure would be to promote A µA to a supermultiplet and add a standard supersymmetric Yang-Mills kinetic term to the action. However, in D = 3 there is another peculiar option advisable [29] . It is necessary to add instead a Chern-Simons term for the gauge fields
which is topological and therefore introduces no propagating gauge degrees of freedom. Or in other words the gauge fields are auxiliary fields which nevertheless ensure the gauge invariance of the theory. Since A µA with the interaction (2.7) and (2.6) has no physical degree of freedom it is not necessary to introduce additional fermionic partners in order to balance the boson-fermion degeneracy. Indeed, the consistency with supersymmetry has been established in [27] .
The scalar potential V given in (2.2) has to be modified in gauged supergravities according to [20, 27] 8) where T = P A Θ AB P B (P A is the momentum map defined in (2.4)). T and W are not completely independent but gauge invariance of W imposes the constraint [27] 
To summarize, the bosonic part of the Lagrangian for an N = 2 action for gauged supergravity has the generic form
Let us now turn to the fermionic couplings. It is more convenient to treat the 2d Majorana fermions χĵ as real fermions (i.e. not assemble them in a complex notation as we did for the bosons) and label them by the 'real' indicesî,ĵ = 1, ..., 2d. In this notation the Kähler metric is denoted by gˆiĵ which when written in complex coordinates (î = (i,ī)) only has the non-vanishing components g ij = gī j known from (2.1). In this paper we only need the fermion bilinear terms which read [27] 
Furthermore, supersymmetry demands that the tensors A 1 and A 2 satisfy a quadratic identity which also determines the potential. It reads
In addition, at the stationary points of the potential, i.e. at the points where the first derivatives vanish, the following identity is valid [27] 3A
Explicitly, in our conventions the gravitino mass matrix A 1 is given by [27] 
while A 2 and A 3 read in complex notation
(2.15)
Gauged Peccei-Quinn-Isometries
A special class of isometries are translational or Peccei-Quinn (PQ) isometries. They correspond to constant Killing vectors X i A and as we see from (2.5) they act as (local) shifts φ → φ + α on a subset of the scalar fields. Such isometries typically appear in the effective low energy supergravities arising from string theory when background fluxes are turned on. For this reason they were studied in ref. [20] and in this section we follow their analysis.
Since the PQ isometries act on a subset of the scalar fields it is convenient to introduce a notation where the scalar fields φ i are split into
We define the PQ symmetries to act only on theφ A but that they leave the φ a and ϕ A invariant. Using (2.5) this corresponds to the Killing vectors
Inserted into (2.6) yields 18) while the covariant derivatives of all other scalars reduce to ordinary partial derivatives.
The PQ-symmetries severely constrain the possible couplings of the charged scalar fields. In particular the potential V (and thus W and T ) and the Kähler potential K cannot be arbitrary. For simplicity ref. [20] assumed that all these couplings are independent ofφ A . 2 For the holomorphic superpotential this implies by the constraint (2.9) that W is only a function of the φ a , while the Kähler potential obeys K = K(φ a ,φā, φ A +φ A ). This in turn implies 19) where
G AB and ∂ A denotes a real derivative.
In D = 3 a massless propagating vector is Hodge-dual to a massless scalar. Under certain condition this duality can be inverted in that a massless scalar can be dualized 'back' to a vector. In [20] it was shown that this is possible precisely for the scalarsφ A that are charged under the PQ-symmetry and that the duality relation is given by
If one assumes that G AB is invertible, (2.20) can be used to express D ρφB in terms of F Aµν such that the entire Lagrangian no longer depends onφ B . Instead, the vector fields A µA obtain proper Yang-Mills kinetic terms and become propagating degrees of freedom. In terms of supermultiplets the original scalar multiplet is dualized into a vector multiplet which contains a vector A µ , two Majorana gauginos χ 1 , χ 2 and a real scalar ϕ. In these field variables the bosonic Lagrangian reads [20] 
where in addition the ϕ A are eliminated in favor of the (real) coordinates
Finally, using (2.4) and (2.17) the Killing prepotential P A is found to be
Inserted into (2.8) one arrives at 25) where the Kähler-covariant derivative is given by
3 Conditions for Partial N = 2 → N = 1 Breaking
Let us now determine the necessary condition such that the N = 2 theory can show partial supersymmetry breaking to N = 1 [20] . We start from a generic N = 2 supergravity spectrum with a gravitational multiplet, n vector multiplets and d − n scalar multiplets
The condition for unbroken supersymmetry is the vanishing of the fermionic supersymmetry variations in the (Lorentz-invariant) ground state. For the gravitinos this amounts to [27] δψ
In order to solve this Killing spinor equation for an AdS or Minkowski ground state, it is sufficient to make a product ansatz for ǫ I in terms of an eigenvector of A 1 and a three-dimensional AdS/Minkowski Killing spinor [1] .
R µνab γ ab ǫ and R µνρσ = 4V 0 (g µρ g νσ − g ρν g µσ ) we see, that eq. (3.2) can only be solved if the following integrability relation is satisfied
Here λ is an eigenvalue of A 1 and V 0 denotes the cosmological constant, i.e. the value of the potential in the ground state. Thus each eigenvector of A 1 whose eigenvalue satisfies (3.3) yields a solution of the Killing spinor equation (3.2).
The supersymmetry transformations of the other fermions χˆi evaluated in the ground state are given by [27] δχˆi = −2g gˆiĵA
We see from (3.2) and (3.4) that each conserved supersymmetry corresponds to a spinor parameter ǫ I which is a common eigenvector of A 1 and A 2 , for A 1 with an eigenvalue related to the cosmological constant by (3.3) and for A 2 with a zero eigenvalue.
4 Using the identity (2.12) one infers that both conditions or in other words (3.2) and (3.4) are necessarily satisfied simultaneously. Put differently, each eigenvalue of A 1 satisfying (3.3) is automatically an eigenvector of A 2 with vanishing eigenvalue. Therefore, one only has to determine the eigenvectors of A 1 with eigenvalue (3.3) in order to find the unbroken supercharges. Using (2.14) one obtains
where the second equation used (2.24). Inserted into (3.3) and using (2.25) one arrives at
For the ground state to respect the full N = 2 supersymmetry, this relation has to be satisfied for both eigenvalues λ ± , i.e. for both signs in (3.6). Since Θ AB and G AB are non-vanishing and G AB is positive definite each term in (3.6) has to vanish separately. This implies the two solutions
Both solutions correspond to stationary points of V in that they satisfy ∂ A V = ∂ a V = 0 as can be checked from the expression (2.25). The first solution has vanishing cosmological constant since it satisfies T = V 0 = 0. The second solution has T = 0,
and hence a negative cosmological constant.
For partial N = 2 → N = 1 breaking the situation is more involved. For this case the condition (3.6) should only be satisfied for one eigenvalue but not both. Thus the right hand side of (3.6) cannot vanish or equivalently the left hand side must be non-vanishing. This implies |W | = 0 and
Without additional input (3.6) cannot be further simplified. However, if we impose a vanishing cosmological constant of the N = 1 ground state, i.e. V 0 = 0, eqs. (2.25) and (3.6) imply ±2e
for precisely one choice of the signs. In order to simplify the analysis we follow [20] and assume M A G AB M B = 2. In this case the potential (2.25) is manifestly positive-definite
and a sufficient condition for the minimum is given by
For the positive-definite potential (3.10) the two conditions (3.11) and (3.9) are necessary and sufficient for a N = 1 Minkowski ground state [20] .
The N = 1 Supermultiplets
In this section we study the spectrum of a spontaneously broken N = 2 supergravity or in other words the rearrangement of the N = 2 multiplets in terms of N = 1 multiplets. We only discuss the case of Minkowskian ground states leaving the study of the AdS case to a separate publication.
As we observed in the previous section an N = 1 Minkowskian ground state is characterized by one zero and one non-zero eigenvalue of A 1 . From eq. (2.11) we see that A 1 is the mass matrix of the two gravitini and thus one zero and one non-zero eigenvalue corresponds to a massless and a massive gravitino. Which of the eigenvalues given in (3.5) is zero is a matter of convention and without loss of generality we choose to discuss the situation λ + = 0, λ − = 0. We will see in the following that the gravitino mass is related to the non-vanishing eigenvalue by λ + = 2g −1 m ψ . Together with (3.9) this implies
A massive gravitino requires a super-Higgs effect or in other words the presence of a Goldstone fermion η which by an appropriate redefinition of the fields can be eliminated from the action (i.e. 'eaten' by the gravitino). In section 4.1 we discuss the details of this super-Higgs effect and in section 4.2 we show how the supersymmetric partner of the gravitino receives its mass by a topological Higgs mechanism.
The super-Higgs effect in D = 3
In analogy with the situation in D = 4, N = 1 [30] let us define η I = A I 2ĵ χĵ, I = 1, 2. Using (3.4) one immediately infers the transformation law of η (evaluated in the ground state) to be
For the conserved supersymmetry ǫ K is an eigenvector of A 2 with vanishing eigenvalue and hence δη I = 0 holds. For the broken supersymmetry we have instead
where we used (2.12) and (4.1). Eq. (4.3) shows that η I transforms inhomogeneously (by a shift) exactly as required by a Goldstone fermion.
In the ground state the matrix A 2 considerably simplifies as can be seen by inserting = 0 holds as a consequence of the conserved supersymmetry. 5 Thus we arrive at
As expected the massless gravitino ψ 1 µ disappeared from the mass terms and we are left with an off-diagonal fermionic mass matrix. Before diagonalizing the Yukawa coupling let us split off the physical spin-1/2 fermions according to 5) such that the fermionic part of the action looks together with the kinetic terms like
where we have used (2.12). By an appropriate redefinition of the massive gravitino ψ would be different from zero, corresponding to the second Goldstone fermion.
resulting in
where
As promised η has disappeared from the action and left a zero eigenvalue in the mass matrix (m χ )ˆiĵ. This zero eigenvalue is most easily seen by observing that gĵkA 2k is a null vector of (4.9)
where we used (2.14) and (2.12) together with (4.1) and (2.13). The use of (2.13) is justified by the results of [1] in that a N = 1 configuration is necessarily a stationary point of the potential. We see that after the redefinition (4.7) the Goldstone fermion disappeared from the action and left a properly normalized massive gravitino with one physical degree of freedom. This propagating degree of freedom can be seen by applying the differential operator (−iε µλσ ∂ λ − 2m ψ γ µσ ) to the equation of motion for the redefined gravitino (we are dropping the 'hats' henceforth)
Up to linear terms in the derivatives this results in 12) which shows that the gravitino has become a massive propagating field. Altogether it carries now one fermionic degree of freedom. 6 Thus the originally massless and topological gravitino (with no physical degree of freedom) becomes propagating due to the presence of the mass term. The physical degree of freedom of the massive gravitino coincides with the physical degree of freedom of the Goldstone fermion it has eaten. A similar situation occurs in the topological Higgs mechanism for vector fields which we turn to now. 6 Counting the physical degrees of freedom is also consistent with the reduction from D = 4. In D = 4 a massive gravitino has four degrees of freedom and it splits in the reduction as ψ mα = (ψ µα , ψ 3α ) = (ψ 
The topological Higgs mechanism
The spontaneous supersymmetry breaking we are considering in this paper leaves an N = 1 unbroken. Therefore, after the breaking the original N = 2 multiplets have to rearrange in N = 1 multiplets. This means in particular that the massive gravitino must be the member of a massive N = 1 multiplet and in this section we identify the supersymmetric partner of the massive gravitino. In appendix B we review the general structure of the massive N = 1 supermultiplets in D = 3 and show that the irreducible multiplets contain the spins (j, j +
2
). Because a massive gravitino even in D = 3 has spin 3 2 [32], we expect a massive vector to be the supersymmetric partner of the massive gravitino. This is also suggested by the fact that the Goldstone fermion arises solely from the vector multiplets leaving the chiral multiplets untouched. Therefore the supersymmetric partner of the massive gravitino should also come out of the vector multiplets.
However, this proposition is somewhat puzzling at first sight. The reason is that as we just argued the massive gravitino has only one physical degree of freedom which is the same as a massless vector. In the standard Higgs mechanism the vector acquires a mass by 'eating' a (spin-0) Goldstone boson which adds one degree of freedom to the vector. A second problem is that in the action (2.21) there is no candidate for a Goldstone boson which has the appropriate couplings. The resolution of this apparent paradox is the possibility of a topological Higgs effect which does exist in D = 3 [21, 22] . Let us briefly review the mechanism.
This topological Higgs effect arises when one adds a Chern-Simons term to the standard Yang-Mills term or in other words the gauge invariant action is given by
From the equations of motion one shows that the theory defined by (4.13) has a massive excitation with mass ξ [21, 22] . The proof is analogous to the argument presented at the end of the previous section for the gravitino. The equation of motion derived from the action (4.13) reads
where F µ ≡ ε µνρ F νρ . Applying to (4.14) the first-order differential operator ξg σµ + ε σρµ ∂ ρ and using the Bianchi identity ∂ µ F µ = 0 one derives
which proves the massive excitation. Since no Goldstone boson was eaten, A µ still has only one physical degree of freedom and furthermore the gauge invariance is unbroken.
The action (2.21) includes the two terms given in (4.13). Thus it possibly generates at least one massive vector, because the gauge coupling functions G AB get a non-vanishing vev. The only thing left to show is that among the massive vectors there is one which is degenerate with the gravitino and has a mass m ψ . In order to display this vector we need to canonically normalize the Yang-Mills action in the ground state. This can be achieved by rotating the vector fields according to an SO(n)-transformation A µA → S B A A µB such that the G AB are diagonalized and normalized to be the identity matrix. In this basis the physical mass matrix for the vector fields is given in view of (4.13) by
Now we need to show that m AB has at least one eigenvalue given by m ψ . It can be most easily seen by multiplying (4.16) by S −1 BC M C and using (3.11) . This implies Before we continue let us note that this discussion can also be carried out in terms of the original Lagrangian (2.10) where no Yang-Mills kinetic term is present but instead a set of charged scalar fieldsφ A with covariant derivatives given in (2.18) . In this field basis the Chern-Simons term acts as a kinetic term and theφ A are the Goldstone bosons giving a mass for the gauge fields. (Compare with the discussion in ref. [33] .) This version of the topological Higgs mechanism has also been discussed in the literature [23, 24] and we will briefly review it.
Starting from the action
with a conventional mass term, also leads to a massive excitation of one propagating degree of freedom [24] . Namely the equation of motion states that the vector field is Hodge-dual to the field strength,
ε µνρ F νρ , which in turn implies the Proca equation for a massive vector
together with the Lorentz condition ∂ µ A µ = 0. Furthermore, (4.13) and (4.18) are equivalent in the sense that both can be derived from a "master Lagrangian" by varying different fields [23] . But in this version it is possible to relate this topological effect in a more standard way to the notion of spontaneous symmetry breaking.
In the original action (2.10), where no scalar fields have been dualized, the relevant part can be written as 20) where D µφ = ∂ µφ + gΘA µ and for simplicity we have restricted the discussion to one vector field. In the second equation the scalar field has been absorbed by a gauge transformation into the gauge field, leaving only a (Stückelberg) mass term for A µ . Due to (4.1) we have −gΘ G(M) = m ψ , such that A µ gets the gravitino mass. Henceφ plays the role of the standard Goldstone boson which provides one physical degree of freedom to a previously topological gauge field. Note that the potential does not depend onφ, which means thatφ remains massless with respect to an arbitrary groundstate, as required for Goldstone bosons. Also in this field basis one shows in general that the mass matrix has at least one eigenvalue given by m ψ .
Let us note that this situation is a little bit different from the one considered in [25] . In our case the PQ-isometries form a non-compact gauge group isomorphic to R acting only on the real scalar fieldsφ. In contrast one can start like in [25] from a ChernSimons U(1)-gauge theory coupled to a complex scalar and break the gauge invariance by adding a usual Higgs potential. Gauging the phase factor of the complex scalar away, the action reduces to (4.18), together with the kinetic term for the left-over real Higgs field. Therefore the phase factor plays the role of the Goldstone boson, which is absorbed into the gauge field by a phase transformation. In this setup one has the standard connection of the mass of a gauge boson with spontaneous symmetry breaking.
The N = 1 mass spectrum
We started our analysis from a generic N = 2 spectrum given in (3.1) containing a gravitational multiplet, n vector multiplets and d − n scalar multiplets. Let us now show how after spontaneous N = 2 → N = 1 breaking this spectrum arranges into N = 1 multiplets. In D = 3 the possible irreducible massive or massless N = 1 multiplets are a chiral multiplet (ϕ, χ) containing one real scalar ϕ and one real Majorana fermion χ, a vector multiplet (A µ , χ) containing a vector A µ and a Majorana fermion, the massive gravitino multiplet (ψ µ , A µ ) containing a massive gravitino ψ µ and a massive vector A µ and the gravitational multiplet (g µν , ψ µ ) containing the metric and a massless gravitino. All multiplets have one fermionic and one bosonic degree of freedom except that the gravitational multiplet contains no degrees of freedom.
From this representation theory and the consideration of the previous section we see that after partial supersymmetry breaking the original N = 2 spectrum assembles into one gravitational multiplet, one massive gravitino multiplet, n − 1 vector multiplets, n chiral multiplets coming out of the N = 2 vector multiplets and 2(d − n) chiral multiplets from the sector of complex scalars. More precisely we have
We already argued that the gravitino multiplet is massive and so we are left to determine the masses of the other vector-and chiral multiplets.
For the vectors we already recorded their mass matrix in (4.16) and the number of massive vector fields will be given by the rank of Θ AB . For the scalar fields coming out of the vector multiplets one computes the mass matrix as the second derivative of the scalar potential, m AB = ∂ M A ∂ M B V . We focus on the positive-definite potential (3.10) and first note that in this case the condition M A G AB M B = 2 implies that ∂ a ∂ M B K = 0. This again shows together with W = W (φ a ) that the Kähler-covariant derivative D a W is independent of M A . As a consequence the mixed derivative of (3.10) with respect to M A and φ a vanishes in view of (3.11), i.e. the mass spectrum decouples between the scalars belonging to the chiral and the vector multiplets. We will not reproduce the full expression for m AB , but just state that depending on the geometry given by G AB some of the M A remain massless and some of them become massive with masses which are of the order of m ψ .
For the fermions belonging to the scalar multiplets [M A , χ A ] as well as the fermions of the vector multiplets [A µ , χ] the masses can be computed from A 3 and A 2 using (4.9) upon making the coordinate transformation to (φ a , M A ). However, we will not work out the details here.
Let us now turn to the chiral multiplets [ϕ, χ]. As we have seen there is no coupling between the scalars belonging to vector and scalar multiplets, such that the mass matrix of the φ a is determined by the second derivatives
where we used (3.11).
As a next step we calculate the corresponding fermion masses. We first note that as for the scalar fields there is no coupling between the fermions belonging to the vector multiplets and the ones belonging to the scalar multiplets. This can be seen by inspecting A 3aA in (2.15) which shows that it is proportional to D a D A W ∼ M A D a W and which vanishes in the ground state due to (3.11) . Altogether, we see that the rearrangement of the multiplets runs independently between the vector and scalar multiplets, as indicated by (4.21).
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The masses of the fermionic partners of the φ a are directly given by A 3âb since these fermions do not mix with the Goldstone fermion (see 4.1) and thus there is no coupling with the gravitinos. From (4.9) we learn that the unnormalized mass matrix of these fermions is given by mâb = 2g A 3âb . With (2.15) these matrices can be written in a complex notation as
where we have used for the second equation (3.9) . To compare these mass matrices with the ones for the scalars, we compute their squares M 2 iĵ = gklmˆikmĵl and arrive at 24) where in the first equation we have performed an appropriate Kähler transformation to write W instead of |W |. As demanded by N = 1 supersymmetry we find mass degenerate chiral multiplets or in other words agreement between (4.22) and (4.24).
The N = 1 effective action
Well below the scale of partial N = 2 → N = 1 supersymmetry breaking set by m ψ the dynamics of the light N = 1 multiplets can be best described by an effective action L N =1
eff . Since N = 1 is unbroken this action should be manifestly N = 1 supersymmetric. It is calculated by "integrating out" the massive gravitino multiplet together with all other multiplets with masses of order m ψ . The resulting effective action can be obtained as a power series expansion in p/m ψ where p is a typical momentum scale satisfying p ≪ m ψ . To lowest non-trivial order in p/m ψ this amounts to setting all massive multiplets equal to zero keeping only the left-over light N = 1 multiplets. In effect this truncates the scalar manifold to a subspace of the original Kähler manifold and projects out a set of heavy vector multiplets. Due to the topological nature of the Higgs mechanism in D = 3 this is very different from the situation in D = 4 where the mixing of the Goldstone bosons results in taking a certain quotient space of the original scalar manifold [11] . Here the scalar manifold is merely truncated to a submanifold and one is left with a standard (ungauged) N = 1 supergravity action coupled to light chiral multiplets.
Let us further note that due to this truncation the geometry loses generically some of its structure. According to the fact that the N = 1 multiplets contain at most one real scalar, setting the massive multiplets equal to zero in general distinguishes between real and imaginary parts. As a consequence the holomorphicity property of the superpotential as well as the complex structure of the scalar manifold is lost. But, this is in turn consistent with N = 1 supersymmetry which only demands the scalar manifold to have a Riemannian structure and the superpotential to be a real function [27] .
Conclusions
In this paper we analyzed models of partial N = 2 → N = 1 breaking in threedimensional N = 2 supergravity. These models are inspired by string compactifications of M-theory on Calabi-Yau fourfolds [20] and correspond to supergravities where translational (Peccei-Quinn) isometries are gauged. We saw that the massive gravitino multiplet consists of a gravitino and a vector boson degenerate in mass which both carry one degree of freedom. This is possible in D = 3 due to the topological Higgs mechanism where the gauge boson mass is generated by a Chern-Simons term without the necessity of any Goldstone boson. Alternatively, in a dual description this topological Higgs mechanism can be described with a standard coupling to a Goldstone boson, which was precisely the scalar field that could be dualized into the vector before a spontaneous breaking. But in this field basis, where all degrees of freedom reside in the scalar sector, the Yang-Mills kinetic term is absent and instead only a topological Chern-Simons terms is present.
We argue now that in D = 3 the presented picture is in general valid. Indeed, it was shown in [29] that gauged supergravity with Chern-Simons kinetic term on the one hand and Yang-Mills kinetic term on the other hand (Yang-Mills or Chern-Simons gauging) are equivalent in the following sense. Using the on-shell duality between scalars and vectors, a Chern-Simons theory with gauge group G ′ = G ⋉ T , where T denotes an abelian group of translations transforming non-trivially under G, can be transformed into a Yang-Mills theory with gauge group G, i.e. in the Yang-Mills picture the gauge group is broken to a smaller one.
9 Therefore they are now two ways of obtaining massive vector fields with respect to a non-trivial groundstate. In the picture of pure Chern-Simons gauging the subgroup T of the gauge symmetry is broken, leading to massive vectors via eating the Goldstone bosons corresponding to the broken symmetry in analogy with (4.18) . Otherwise, in the picture of Yang-Mills gauging the gauge group is still the subgroup G ⊂ G ′ , that means the gauge symmetry remains unbroken giving rise to topologically massive vectors corresponding to (4.13). In particular no Goldstone bosons get eaten because the corresponding degrees of freedom are still dualized into the gauge fields.
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The class of models analyzed in this paper contained gauged translational isometries and only Chern-Simons kinetic terms for the gauge fields and thus the possibility of a topological Higgs mechanism existed right from the beginning. However, our analysis of the super-Higgs effect suggests that this is of more general validity. Since the massive N = 1 gravitino multiplet has one fermionic and one bosonic degree of freedom, an ordinary Higgs mechnism which raises the number of degrees of freedom of a gauge boson from one to two is not suitable.
Following this line of reasoning we would like to clarify the following characteristic property of supersymmetric field theories in 2 + 1 dimensions, in order to consider further constraints on different scenarios of supersymmetry breaking. As it is explained in appendix B, the massive spin in D = 3 is roughly the same as helicity in D = 4 and the massive supermultiplets in D = 3 are formally the same as the massless ones in D = 4. In the latter case massless fields of arbitrary spin s carry always two degrees of freedom, corresponding to the two helicity states ±s. Depending on the spin and the amount of supersymmetry one has therefore possibly to double the massless supermultiplets to organize the fields of a supersymmetric theory into (no longer irreducible) representations of the superalgebra [30] , e.g. for an N = 1 chiral multiplet one has to take (0, , 0). This is in contrast to the massive case in D = 3. Here, e.g., a scalar multiplet consists of a real scalar and a real Majorana fermion, without the need to double any multiplets. For the fermions this reduction of degrees of freedom is not surprising, because a complex Weyl spinor in D = 4 splits in a Lorentz-invariant fashion into its real parts (compare sec. 4.1). On the other hand, if one simply takes the dimensional reduction of massive bosonic theories in D = 4, the fields in D = 3 would also have more than one degrees of freedom and therefore would not be well adapted for supersymmetry. (Compare the standard massive spin 1 action, which leads to two degrees of freedom [24] .) Happily, as we have seen, with the topological mass term there exists a kind of "square root" action for a massive vector, which turned out to be necessary for supersymmetry. Furthermore, in D = 3 there is also a topologically massive spin-2 extension of gravity [22] and a spin-of arbitrary high spin [36] . One sees that these type of actions are much more natural for supersymmetry in D = 3 and one should expect them to be of general importance. Keeping this in mind, similar partial breakings of supersymmetry or supergravity could be analyzed using the massive supermultiplets constructed in appendix B.
B Supermultiplets in D = 3
In this appendix we review the massive and massless supermultiplets in D = 3 for arbitrary N. Let us first mention that it is not straightforward to use the spin as organizing principle in D = 3. This is due to the fact that there is at least in the massless case no good concept of spin or helicity [37] , which is reflected by the fact that half of the supercharges vanish. (See [26] , where the supermultiplets in the massless case were constructed.) For completeness we give the massless multiplets in table 1, where d n denotes the number of bosonic and fermionic degrees of freedom separately. Table 1 : Massless Supermultiplets according to [26] In order to write a standard Lagrangian one also needs supermultiplets with no physical degree of freedoms. In the main text we use for N = 2 N = 2 gravitational multiplet (g µν , ψ ϕ is real and all fermions are again real Majorana.
In the massive case the little group is SO(2), the same as in the massless case in D = 4. Therefore we can adopt the representation theory and assert that the massive spin in D = 3 is the same as helicity in D = 4. The only difference is, that one cannot exclude continuous or anyonic spin states by topological considerations. Since half of the supercharges vanish in the massless D = 4 representations [30] leaving the same number of supercharges as for massive representations in D = 3 we expect that for any N the supermultiplets are the same. This will be shown in the following.
To construct the massive multiplets, it is convenient to introduce the following linear combinations of the supercharges
These charges have well-defined spin-properties in the sense that they raise and lower the spin by an amount of 1 2 , which can be seen as follows. For the single spin operator S in D = 3 one has by use of S = M 12 and (A. In terms of R I and (R I ) † the algebra (A.6) can be rewritten as
(B.4)
In the massive case we can boost into the rest frame P µ = (m, 0, 0) such that after the rescaling a I :=
